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R27suggest that E-box binding site affinity
could account for differences in the
expression of core clock genes and
clock output genes. First, the top
CLK–CYC and CLOCK–BMAL1 binding
sites target core clock genes in both
Drosophila and mice, respectively
[3,6–8]. Second, the core clock
gene targets of CLK–CYC and
CLOCK–BMAL1 contain dual E-box
elements that drive higher levels of
transactivation than single E-boxes
[8,17], suggesting that they are
high-affinity target sites. Third,
Drosophila Clk is able to activate both
core clock gene expression and
circadian oscillator function when
expressed in novel locations [18],
implying that clock genes have a
‘special status’ that allows them to
be activated by CLK–CYC even in
ectopic cells. Further studies are
required to test whether CLK–CYC
and CLOCK–BMAL1 drive target gene
expression globally or tissue-
specifically depending on target site
affinity. To extend the insights from
Meireles-Filho et al. further it is also
necessary to identify sites bound by
CLK–CYC and CLOCK–BMAL1 in
specific tissues to accelerate the
computational identification of
associated binding sites that can be
tested for their impact on tissue-
specific expression. Identifying
factors that bind these nearby sites
will enable detailed biochemical
studies of factor binding affinity,
binding order, and cooperative
interactions that promotetissue-specific transcription and
provide a more complete picture of
how CLK–CYC and CLOCK–BMAL1
select and activate target gene
transcription.
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Road to Protein PerditionTargeting membrane proteins for degradation requires the sequential action
of ESCRT sub-complexes ESCRT-0 to ESCRT-III. Although this machinery is
generally conserved among kingdoms, plants lack the essential ESCRT-0
components. A new report closes this gap by identifying a novel protein family
that substitutes for ESCRT-0 function in plants.Michael Sauer1 and Jirı´ Friml2,3
In 1989 the first report appeared
about the conserved nature of
components of intracellular protein
transport between organisms
belonging to different kingdoms [1].
Incidentally, it came from the group ofJames Rothman, one of this year’s
Nobel winners, who, together with
Randy Schekman and Thomas Su¨dhof
(and certainly many others still waiting
for a phone call from Stockholm),
pioneered the field of intracellular
transport mechanisms. Over the
decades, it has become clear thatmuch of the molecular machinery is
conserved among kingdoms, including
not only individual proteins, but also
entire complexes.
One example is the ESCRT complex,
which guides membrane proteins on
their way to the lytic organelle (the
vacuole in yeast and plants or the
lysosome in animals) for degradation.
It is composed of four subcomplexes,
termed ESCRT-0 to ESCRT-III, that
sequentially act on ubiquitinated
cargo proteins. The role of ESCRT-0 is
the initial recognition and recruitment
of ubiquitinated membrane cargo
as well as recruitment of ESCRT-I to
the membrane. The ESCRT-0 complex
is composed of two proteins, Vps27
and HRS in yeast or Hse1 and STAM in
PIP
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Figure 1. TOL proteins are the functional equivalent of ESCRT-0 in plants.
TOLs bind ubiquitinated transmembrane cargo proteins, likely through their VHS/GAT
domains. The VHS domain might also play a role for recognition of phosphatidylinositide-
enriched domains of the plasma membrane. TOLs presumably convey cargo to the ESCRT
subcomplexes that will pass the cargo on its way to the vacuole for degradation, but the exact
nature of this interaction is currently unresolved.
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characteristic Vps27, HRS and
STAM (VHS) domain, recognize
ubiquitinated cargo through
ubiquitin-interacting motifs (UIMs),
bind certain phosphoinositides in the
membrane via a FYVE domain and
interact with the ESCRT-I complex [2].
The critical and typical VHS domains
share structural similarity with the
ANTH/ENTH domains found in other
important early adaptor proteins, such
as epsins required for recruiting
proteins into clathrin-coated
vesicles [3].In plants, the ESCRT machinery is
generally well conserved, with one
notable exception — there are no
orthologs of the two ESCRT-0
constituents [4–6]. Therefore, it has
been proposed that plants might use
an alternativeway to load cargo into the
ESCRT pathway. Potentially, members
of two other protein classes may
perform ESCRT-0-like functions: target
of Myb (TOM) and Golgi-localized
g-ear-containing ARF-binding (GGA)
proteins. Both contain the VHS domain
at their amino termini and motifs
for interaction with ubiquitin,phosphoinositides and clathrin.
Evidence from yeast and animal
systems suggests that these proteins
may perform similar functions and act
in parallel to ESCRT-0 [7]. An extensive
phylogenetic analysis of VHS/ANTH/
ENTH proteins in plant genomes
revealed no obvious direct TOM1
orthologs, but increased number of
proteins containing VHS-GAT (GGA
and Tom1 homology) domain similar
to GGA proteins [6].
Published recently in Current
Biology, Korbei and co-workers [8]
have identified a family of nine
VHS-GAT domain proteins that they
term TOM1-like (TOL). They present an
extensive genetic and functional
analysis of higher-order loss-of-
function mutants, which convincingly
demonstrates that TOLs play a crucial
function in vacuolar targeting and
subsequent degradation of
ubiquitinated membrane proteins.
Therefore, TOL proteins can be seen as
a plant-specific functional substitute
for ESCRT-0. It appears that the long
sought after molecular player in the first
step in ESCRT-mediated degradation
in plants is finally found.
The capability to regulate the
abundance of receptors, transporters
or effectors at the cell surface is crucial
for cells to respond to both
environmental and internal cues. In
plants, over the last 15 years, the
PIN-FORMED (PIN) family of auxin
transporters [9] has emerged as a
prominent example of this
phenomenon and as a powerful model
system for studies on subcellular
transport of membrane proteins in
general [10]. PIN abundance at the
plasma membrane (PM) is controlled
by continuous recycling between PM
and endosomes, which allows for very
rapid and dynamic responses [11] and
more ultimately by protein degradation
[12]. PINs and another auxin
transporter, AUX1, are known to be
cargo of the ESCRT complex [13].
Moreover, vacuolar targeting and
degradation of PIN2 depends on its
ubiquitylation status [14], making PIN2
an excellent model cargo to analyse
ESCRT-dependent degradation.
Korbei et al. [8] show that
higher-order tol mutants are
defective in the vacuolar delivery,
and therefore degradation, of PIN2
and presumably several other PM
proteins. They demonstrate that TOLs
bind ubiquitin and ubiquitinated cargo
with high specificity (Figure 1). Two
Dispatch
R29selected TOLs localize to punctate
structures resembling endosomes
co-distributing with the trans-Golgi
network (TGN) and early endosomes
(EE) in close vicinity to the PM. This
localization is in accordance with the
situation in yeast and animals, where
the ESCRT-0 complex recognizes
ubiquitinated cargo on early
endosomes, recognized by their
unique enrichment for certain PIPs.
In this respect, it would be interesting
to see whether TOLs show specific
affinity for certain PIPs. TOLs lack
the PIP-interacting FYVE domain
found in yeast and animal ESCRT-0,
but the VHS domain might functionally
substitute for PIP binding activity,
as demonstrated in yeast [15].
Inferred from sequence homology, at
least some TOL members might
also bind clathrin. Again, this
would be similar to the behaviour of
ESCRT-0, which is known to bind
clathrin [16]. Nonetheless, binding of
TOLs to clathrin still awaits
demonstration.
It is currently not clear if there is
a preferred location within the
endomembrane system for
TOL-dependent cargo recognition and
recruitment into the later ESCRT
subcomplexes. In theory, this
recruitment could happen at or close
to the PM, but also at the TGN/EE.
Indeed, there is a current debate in
the plant field about the possibility
that the TGN/EE could gradually
mature into a multi-vesicular body
(MVB)/late endosome (LE) by action
of the later ESCRT subcomplexes
already at the TGN/EE [17]. However,
whether this would necessarily
mean that TOL-dependent cargo
recognition also occurs at the
TGN/EE remains to be seen. In
general, it must be admitted that the
process of MVB formation and its
requirement for degradation
of membrane proteins is still a
field-in-progress in yeast and
animals, and much more so in
plants [18]. The same goes for the
question of whether cargo
ubiquitination is the only way of sorting
PM proteins into MVB/LE-dependent
degradation.
The question of the physiological
and developmental importance of
the TOLs, however, is not under
debate. Among the higher-order
mutants, there are several mutant
combinations that result in early
embryo lethality, indicating theindispensable nature of these proteins.
The viable tol quintuple mutants have
very dramatic and somewhat
pleiotropic defects. Remarkably,
though, many of the phenotypes
resemble those found in mutants of
components of auxin transport or
signalling, such as fused cotyledons,
reduced number of lateral roots or
problems with tropic responses.
Especially the latter phenomenon,
reorientation of the root towards the
gravity vector, is known to depend
strongly on dynamic regulation of
PIN2 abundance at the PM. Part of this
regulation involves the asymmetric
degradation of PIN2 between upper
and lower sides of the root [19,20].
Interestingly, TOLs seem to be
involved in this process, not only
because the tol mutants have
gravitropic defects, but also because
TOL abundance exhibits a similar
spatiotemporally asymmetric pattern.
This indicates that TOLs are not just
constitutive and static factors required
for ESCRT-dependent degradation,
but instead undergo dynamic
regulation themselves in response to
external and internal cues. Such
behaviour has so far not been
described for ESCRT-0 components in
other eukaryotes, and it remains an
exciting future question how such a
regulation might be achieved.References
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